Recently developed vector systems based on Borna disease virus (BDV) hold promise as platforms for efficient and stable gene delivery to the central nervous system (CNS).
virus; N, nucleoprotein; OL/BDV, persistently BDV-infected OL cells; P, phosphoprotein; rBDV, recombinant BDV; RNPs, ribonucleoprotein complexes Introduction BDV belongs to the Bornaviridae family within the non-segmented negative-strand RNA viruses. It is characterized by highly neurotropic and persistent infection (1) . BDV can infect a wide variety of host species and readily establishes a long-lasting persistent infection in the nucleus without causing apparent cell damage (2, 3) . This characteristic makes BDV the only animal RNA virus capable of intranuclear parasitism. Recently, by using a reverse genetics system of BDV, we and others have demonstrated that foreign genes can be stably expressed in brain cells, both in vivo and in vitro, from an intercistronic region and the 5' end of the BDV genome, respectively (4, 5) . These features suggest that BDV could be an ideal vector platform for efficient and stable gene delivery system to the CNS.
A primary roadblock limiting usefulness of the BDV vector system is the low efficiency of rBDV rescue procedure. Successful rescue of rBDV requires several molecular events to occur after transfection of a plasmid expressing the BDV full-length antigenome RNA and helper plasmids expressing N, P and L. At first, viral N, P and L proteins must be synthesized at levels appropriate to initiate the de novo encapsidation of antigenome RNA into replication-competent viral RNPs. Second, genome RNA must be transcribed from antigenome RNA. Third, the expression of viral genes from newly formed viral RNPs needs to be at levels sufficient for additional rounds of replication.
Exactly which steps may be rate-limiting in successful rescue are unknown, but the efficiency of this relatively rare event may be improved by stimulating one or more of the above processes.
Heat stress is known to enhance the gene expression of many viruses (6, 7) . For example, the RNA-producing activity associated with purified CDV RNPs is increased when they are isolated from cells subjected to heat stress (8) . Heat stress also increases MV minireplicon gene expression (6) . As a result of the enhancement of viral gene expression, the rescue efficiency of recombinant CDV or MV is improved by heat stress (6, 7) . Therefore, we speculated that the efficiency of rBDV rescue could be also improved by heat stress.
Heat stress induces cellular stress responses and the expression of multifunctional proteins called Hsps (9, 10) . Some Hsps act as molecular chaperones to assist in proper protein folding (11, 12) . In addition to chaperone activity, Hsps play roles in many other biological pathways, such as protein trafficking, regulation of protein function, and DNA replication (11, (13) (14) (15) . Moreover, Hsps are also involved in the life cycles of various viruses. For example, hsp72 and its constitutively expressed isoform can regulate gene expression of several RNA and DNA viruses through the association with viral nucleocapsid proteins, which may modulate the assembly of viral nucleocapsid (16) (17) (18) .
BDV also takes advantage of host cellular chaperone proteins to control its life cycle (19) .
For example, the BDV protein X is known to interact with the constitutive isoform of hsp72, Hsc70 (20) . Because Hsc70 and a polymerase cofactor, P, share the binding site on X, the interaction of X with Hsc70 results decreased binding of X with P. This leads to an increase in the level of P in the nucleus and stimulates BDV replication. Another example is BiP, also called heat shock 70 kDa protein 5. BiP interacts with the BDV glycoprotein at the cell surface, and several lines of evidence suggest that BiP is involved in the cell surface association of BDV (21) . Because of the known interactions between BDV and Hsps, it was reasonable to speculate that heat stress might play a positive role in BDV replication, which could improve the rescue efficiency of rBDV.
In this study, we examined the effect of heat stress on BDV replication. We found that heat stress increases the level of BDV genome RNA in persistently BDV-infected cells. Applying this finding to the rBDV rescue system resulted in an increase in the number of cells in which rBDV replication occurred. All these results suggest that heat stress is a useful improvement on the published rescue procedure of rBDV.
Materials and methods

Cells
Vero cells stably expressing a puromycin resistance gene were cultured in DMEM supplemented with 2% FCS. The OL cell line, derived from a human oligodendroglioma, and the OL/BDV were cultured in DMEM-high glucose (4.5%) supplemented with 5% FCS. 293T cells were cultured in DMEM supplemented with 10% FCS.
Plasmid construction
To generate a minigenome plasmid carrying a Gaussia luciferase gene, pCAG-HR, a Pol II-driven minigenome plasmid carrying a CAT gene (22) 
Minigenome assay
A minigenome assay was carried according to the protocol described previously (20) WST-1 assay 1 x 10 5 of OL/BDV cells were seeded in 24-well plates. The plates were incubated at 37°C for 24 hr, followed by 4-or 12-hr incubation at either 37°C or 40°C. Then, the cells were incubated at 37°C for another 1 hr with Premix WST-1 (Takara Bio Inc., Japan). Medium was measured at 440 nm in a microplate reader (SH-9000 Lab, Corona Electric, Japan).
Results
Increase in the level of BDV genome RNA in persistently BDV-infected cells by heat stress
To determine if heat shock could potentially increase the rescue efficiency of rBDV, we first examined its effects on BDV in the setting of established infection. To this end, we analyzed the effect of heat stress on BDV replication and transcription in OL/BDV cells.
The cells were incubated either at 37˚C or at 40˚C for 12 or 24 hr. The amount of BDV genome RNA in OL/BDV cells cultivated at 40˚C was increased compared to that at 37˚C (Fig. 1a) . On the other hand, the level of BDV mRNA was not altered by heat stress for 12 or 24 hr (Fig. 1b) . These results indicate that heat stress increases the level of BDV genome RNA, but not BDV mRNA, in OL/BDV cells. We then determined the minimum duration of heat stress required for the effect on BDV infection described above. The level of BDV genome RNA was increased after cultivation at 40˚C for 4 hr, but not for 2 hr (Fig. 1c) . In contrast, the amount of BDV mRNA was slightly increased after heat stress for 2 hr, but not 4 hr (Fig. 1d) . These results suggest that cultivation at 40˚C for at least 4
hr increases the level of BDV genome RNA in OL/BDV cells. Because BDV genome RNA is transcribed from antigenome RNA, we next examined whether the level of BDV antigenome RNA was also increased in the heat-stressed OL/BDV cells. After cultivation of OL/BDV cells at 40˚C, the level of BDV antigenome RNA was also upregulated (Fig.   1e ). Cultivation of OL/BDV cells at 40˚C for 4 or 12 hr did not induce obvious cytotoxicity (Fig. 2) . These results suggest that heat stress increased the levels of both BDV genome and antigenome RNAs, but not BDV mRNAs, without obvious cytotoxicity.
Effect of heat stress on BDV proteins or BDV polymerase activity
To determine how heat stress increases the level of BDV genome RNA, we next evaluated whether heat stress influenced the levels of viral proteins. Because it has been reported that the N-to-P stoichiometry affects BDV polymerase activity (24), we first quantified these proteins. As shown in Figure 3a , the levels of the N and P proteins were unaffected by heat stress. Previous evidence indicates that nucleocytoplasmic trafficking of BDV proteins plays a critical role in BDV replication (19) . Therefore, we examined the changes Rather, the number of BDV RNPs active in replication might be increased, resulting in the increased level of BDV genome RNA.
Increase of GFP-positive cells in 293T cells expressing components of BDV RNPs carrying a GFP gene by heat stress
Since heat stress increased the level of BDV genome RNA, we reasoned that it could potentially improve the rescue efficiency of rBDV. We summarize the published rescue procedure of rBDV in Figure 5a to the unstressed condition at 6 dpt, but not 2 dpt (Fig. 5b) . At 4 dpt, the number of GFP-positive cells tended to be increased, although the change was not significant (Fig.   5b ). Then, we evaluated whether heat stress for 12 hr increases the number of GFP-positive 293T cells at 4 dpt. As shown in Figure 5c , the number of GFP-positive cells in the condition of heat stress for 12 hr was increased at 4 dpt. The number of GFP-positive cells was comparable to that in unstressed condition at 6 dpt (Figs. 5 b and c). All of these results suggest that heat stress increases the number of BDV replication-positive cells, which is likely to improve the rescue efficiency of rBDV.
Discussion
In this study, we demonstrated that heat stress increases the level of BDV genome RNA, but not BDV mRNA, in OL/BDV cells (Fig.1) . Heat stress did not affect the expression levels or the subcellular distributions of viral proteins in OL/BDV cells (Fig. 3) .
Furthermore, heat stress did not induce obvious cytotoxicity (Fig. 2) . All of these observations indicate that heat stress is a potent stimulus to enhance rescue efficiency of rBDV. Therefore, by using heat stress, we modified the reconstitution step of the published BDV rescue procedure and found that heat stress indeed improved the number of BDV replication-positive cells (Fig. 5) .
The mechanism responsible for the increase in BDV genome RNA in OL/BDV cells after heat stress may be related to enhanced BDV polymerase activity or the increased number of BDV RNPs active in replication. Using a BDV minigenome assay, we revealed that heat stress did not increase the expression level of a minigenome reporter gene (Fig. 4) , suggesting that BDV polymerase activity itself can not explain the increased level of BDV genome RNA after heat stress. Therefore, we speculate that the increase of the number of replication-competent BDV RNPs may be a cause of the increase of BDV genome RNA. Although we could not exclude the possibility that only the replicase activity of BDV polymerase, but not the transcriptase activity, is activated by heat stress, it also results in the increase of BDV RNPs. Collectively, it is reasonable that heat stress upregulates BDV genome RNA at least by increasing the number of BDV RNPs. 
